S mall molecule organic semiconductors have many advantages over their polymer analogues, including their high purity and well-defined electronic properties. 1Ϫ4 They provide unique opportunities to fabricate low-cost, highperformance organoelectronic devices such as organic photovoltaics (OPVs) or organic light-emitting diodes (OLEDs). 1,5Ϫ8 However, it remains a challenge to solution process them into uniform films, due to dewetting and their strong tendency to crystallize. 2, 9 In blends of electron donors and acceptors, one major hurdle is to assemble each type of the functional small molecules into nanoscopic grains, tens of nanometers in size so as to increase donor/ acceptor interfaces. 10Ϫ12 To effectively transport charges to the electrodes, these nanoscopic grains need to be macroscopically oriented normal to the surface, and the orientation and molecular packing of the organic semiconductors within each grain need to be tailored. 10 Various approaches have been explored to overcome these barriers. Conjugated polymers are amenable to solution processing and are used extensively, 12Ϫ15 though they typically exhibit mobilities lower than their small molecule counterparts. 16 To date, solution-processable OPVs with power conversion efficiencies of ϳ5Ϫ6% were achieved by kinetically trapping the spinodal decomposition of the active layer, that is, a blend of conjugated polymer and organic semiconductor. 17Ϫ19 The main remaining concern is to obtain ideal morphologies for OPVs with nanoscopic features with sizes comparable to typical exciton diffusion lengths that are vertically aligned to allow charges to reach electrodes. 18 Block copolymers (BCPs) microphase separate and form well-defined arrays of microdomains, tens of nanometers in size. In thin films, BCP microdomains can be oriented normal to the surface by applying an external surface, electric or solvent field. 20Ϫ22 However, such fine morphological control cannot be achieved with conjugated BCPs due to their poor solubility, low chain mobility, and high tendency to aggregate. 23Ϫ28 Electronic properties can also be built-in through the covalent attachment of conjugated molecules to the side chains of BCP blocks. 23, 29 However, the generality is limited because the synthesis of such BCPs is challenging, as monomers containing conjugated molecules have limited solubility. The covalently linked side groups may also reduce the mobility of the polymer chain and restrain the molecular packing of the attached conjugated molecules required for high charge mobility.
BCP-based supramolecules can be constructed by attaching small molecules to pendant functionalities of a polymer chain via hydrogen bonding, electrostatic interactions, or metal ligation. 30Ϫ38 The coil-comb supramolecules phase separate into arrays of well-defined microdomains similar to those seen in BCP alone, and small molecules order within BCP microdomains. In thin films of BCPbased supramolecules, the macroscopic orientation of supramolecular assemblies can be tailored.
39Ϫ43 Experimentally, by adjusting the loading of the small molecules, the BCP microdomains can be aligned perpendicular to the surface. 41, 43 Within BCP microdomains, lamellar assemblies from the comb block, several nanometers in size, are oriented parallel to the surface and small molecules are aligned perpendicular to the surface. 41, 43 Blending organic semiconductors with inert polymers was shown to be effective for improving the solution processability of the semiconductor. 44 The supramolecular approach provides a new avenue to solution process organic semiconductors as well as to assemble them into nanoscopic structures in thin films. It circumvents some of the synthetic challenges inherent to the preparation of conjugated BCPs and enables the tailoring of electronic properties without the need to synthesize new polymers. 34 Kinetically, the noncovalent linking of an organic semiconductor to a BCP block preserves the chain mobility of the polymer necessary for ordered self-assembly during annealing, while constraining crystallization of the small molecule to within the microdomains. Indeed, nanostructured thin films were recently obtained in blends of regioregular poly(3-hexylthiophene)-blockpoly(4-vinylpyridine) rodϪcoil block copolymers with [6, 6] -phenyl-C61-butyric acid methyl ester (PCBM). 45 Favorable interactions between PCBM and P4VP sequestered PCBM within BCP microdomains and led to bicontinuous electron donor/ electron acceptor networks with high thermal stability.
RESULTS AND DISCUSSION
We construct supramolecules by attaching oligothiophene organic semiconductors to the polymer side chains via hydrogen bonding and investigate critical parameters governing their assembly and electronic properties. 30, 33, 46 5===-(3,7-Dimethyloctyl)-5-(3-(3-hydroxyphenyl)propyl)-[2,2=;5=,2==;5==,2===] quaterthiophene, a semiconductor with a pendant phenol moiety identified as 4T, was designed to hydrogen bond to the 4-vinylpyridine units of a poly(4-vinylpyridine) (46.7 kDa), as shown in Figure 1a . 33 The resultant supramolecules are identified as P4VP(4T) r (in which r denotes the ratio of 4T to the 4VP unit). As mentioned, the end group of 4T is a phenolic moiety that hydrogen bonds to the pyridyl side chains of the polymer; this is attached through a short spacer to the semiconducting quaterthiophene with a terminal alkyl group.
Differential scanning calorimetry (DSC) reveals a pair of endotherms at 126 and 138°C upon heating and exotherms at 142 and 106°C upon cooling (see Supporting Information Figure S1 ). The H-bond between the phenol group and the 4VP becomes unstable at temperatures above 110°C and remains present even up to 190°C. 47 The melting temperature of 4T is, therefore, within the temperature range necessary to access 4T's amorphous state without completely breaking its noncovalent link to the BCP side groups. This provides mobility to the P4VP(4T) r block while preserving the integrity of the hierarchical assemblies.
The 4T molecule is highly soluble in numerous organic solvents, but uniform films cannot be formed by spin-coating. In addition, 4T dewets the Si substrate upon thermal annealing. For a small fraction of functional organic field-effect transistor (OFET) devices, thermal annealing of the 4T films at 135°C for 10 min produced a linear plot of |I D | 1/2 in transfer IϪV curves where I D is the current measured at the drain electrode, shown in Figure 1b , and charge mobilities of 10 Ϫ4 cm 2 /(V · s). The charge mobilities of 4T are much lower than that of semiconducting liquid-crystalline thieno [3,2-b] thiophene polymers that form large crystalline domains and have shown charge-carrier mobilities as high as 1 cm 2 /(V · s). 13 ,48 Yet, they are comparable to or higher than many conjugated polymers that have been used in OLEDs and OPVs. 25 ,49Ϫ51 Low off-currents, the minimum I D measured in the devices, suggest a low level of doping in the pristine small molecule films. 2 Furthermore, devices exhibited a low turn-on voltage, which suggests a low barrier to mobile charge injection.
Having validated 4T as an organic semiconductor in p-channel OFETs, we studied the charge transporting capabilities of the P4VP(4T) 1 supramolecule. Analysis of OFET data enables the calculation of charge mobility for the organic semiconductor and also provides for a qualitative evaluation of the level of dopants and charge traps introduced into the films during the process of supramolecule formation. Top-contact and bottom-gate devices were prepared to ensure that the P4VP(4T) 1 could provide conductive pathways in OFET channels, which is important for fabricating OPV devices. While the 4T films were observed to dewet the device substrates, decreasing the OFET device yield, uniform films of controlled thicknesses were readily cast from the P4VP(4T) 1 . High-quality thin films can also be processed for r Ͼ 1. Thin films of P4VP(4T) 1 , ϳ60 nm in thickness, were solvent-annealed under chloroform vapor for 24 h to improve the ordering of P4VP(4T) 1 . As shown in a representative transfer IϪV plot in Figure 1b , the solvent-annealed P4VP(4T) 1 films functioned as the active layer in OFETs with charge mobilities of 10 Ϫ4 cm 2 / (V · s). The saturation current levels were similar to those obtained in annealed pristine 4T OFETs, and offcurrents remained low. Since P4VP preferentially interacts with silicon oxide and the 4T molecule dewets the silicon substrate, the higher affinity of P4VP to silicon oxide layer precludes the 4T enrichment at the P4VP(4T) 1 /SiO 2 interface. 39 Thus, the OFETs measure the mobility of charge in a thin layer (ϳ5Ϫ10 nm) of the P4VP(4T) 1 next to the SiO 2 dielectric, not phaseseparated 4T. 52, 53 The ordering and spatial arrangements of P4VP(4T) 1 in thin films were characterized by the grazing incidence small-angle X-ray scattering (GISAXS) to correlate the structureϪfunction relationship. The incidence angles (␣ in ) are in the range of 0.15Ϫ0.20°, and the incident X-rays penetrate the whole film and probe structural information throughout the film. Figure 2a shows the GISAXS pattern of a similar solvent-annealed P4VP(4T) 1 film, and the q z scan is shown in Figure 2b . Diffraction spots, instead of diffraction rings, are seen in the q z direction, indicating that the P4VP(4T) 1 forms lamellar domains, ϳ6.3 nm in periodicity, and are mainly oriented parallel to the substrate. Thermal annealing at 110°C for 1 h enhances the P4VP(4T) 1 ordering and sharpened the diffraction peaks, as seen in the q z scan also shown in Figure 2b . This macroscopic alignment of 4T as schematically shown in the inset of Figure 2b is similar to that seen in thin films of oligothiophenes alone. 54 A bottom-gate and top-contact test structure requires a film with semiconducting properties through its entire thickness for measurement of gate-modulated current. 44 Thus, the OFET and GISAXS results clearly demonstrated that, by hydrogen bonding 4T to P4VP, P4VP(4T) 1 thin films transport charges in both the lateral and vertical directions. Constructing the P4VP(4T) 1 supramolecule does not sacrifice charge mobility of 4T, yet enables solution processing of oligothiophenes into uniform films with control over the spatial arrangements of 4T.
Hydrogen bonding 4T to a BCP, poly(styrene)(40K)-block-poly (4- hierarchical assemblies that may satisfy many morphological requirements for high-efficiency OPVs and OLEDs. 10Ϫ12 However, most of previous studies on BCPbased supramolecules focused on small molecules which have a much weaker tendency to aggregate in comparison to 4T. 44 For highly crystalline organic semiconductors, such as 4T, the crystallization may induce phase separation. A delicate balance between BCP selfassembly and crystallization of the semiconductor is required to obtain the desired hierarchical assemblies. Thus, we first investigated the assembly of PS-b-P4VP(4T) r in bulk, which provided guidance to manipulate 4T assemblies in thin films. Figure 3a ,b shows the small-angle X-ray scattering (SAXS) profile and transmission electron microscopy (TEM) image of PS-b-P4VP(4T) 1 annealed at 110°C. The annealing temperature is selected because the hydrogen bonding between 4T and 4VP becomes unstable at temperatures above 110°C. 47 The SAXS profile confirmed a lamellae-within-lamellae hierarchical assembly where the BCP forms a lamellar morphology with a periodicity of ϳ33.7 nm and the P4VP(4T) 1 comb block forms lamellae with a periodicity of ϳ6.3 nm. The TEM image shows that 4Ts were completely incorporated within the BCP lamellae. The weight percentage of 4T in PS-b-P4VP(4T) 1 is only 42%. The 4T fraction needs to be increased to ensure charge injection and transport.
As r increases to 1.5, after annealing at 110°C, the SAXS profile (Figure 4a ) indicated the presence of nanostructures resulting from BCP microphase separation. Figure 4b shows a representative TEM image, and no large grains of 4T phase-separated from BCP were observed. However, a mixture of two morphologies was observed, indicating non-uniform distribution of 4T. On the right side, P4VP(4T) 1.5 microdomains appear to pack into hexagonal arrays embedded in the PS matrix. In the lamellar morphology region on the left-hand side of the image, many defects are seen and the ordering is poor. Interestingly, in many regions, as indicated by the circle in the inset, two BCP microdomains are connected with lamellae with much smaller periodicity of ϳ6 nm. It is highly likely that these lamellae are assemblies of 4T alone and correspond to the diffraction peak at q ϭ ϳ0.011 Å
Ϫ1
. At r Ͼ 1, the excess amount of 4T crystallizes during the drying process, leading to inhomogeneous distribution of 4T. At 110°C, below the melting temperature of 4T, the mobility of PS-b-P4VP(4T) r is significantly reduced to achieve uniform supramolecular assemblies. Mixed morphologies were not observed previously in BCP-based supramolecules and can be attributed to 4T's strong tendency to crystallize.
Further increasing the thermal annealing temperature to 155°C, above the melting temperature of 4T, uniform lamellae-within-lamellae morphology was observed for PS-b-P4VP(4T) 1.5 , as shown in Figure 4c . The SAXS profile in Figure 4a shows that the complete incorporation of 4T into BCP lamellae increases the BCP periodicity to ϳ52 nm. Within BCP lamellar microdomains, the P4VP(4T) 1.5 comb blocks assemble into lamellae, ϳ6.4 nm in periodicity, and can be clearly seen. Although a fraction of hydrogen bonds were broken at 155°C and r Ͼ 1, the favorable interaction between the phenolic end group of the semiconductor and the pyridyl side group of the BCP and strong Ϫ interactions between the oligothiophenes provide sufficient driving force to sequester the oligothiophenes into BCP microdomains and prevent macrophase separation. For P4VP(4T) r thin films, grazing incidence X-ray scattering shows macrophase separation between 4T and P4VP(4T) r upon increasing the 4T to 4VP stoichoimetry to r ϭ 1.5. However, for PS-b-P4VP(4T) r , similar morphologies were observed for r ϭ 2 and r ϭ 1.5 in bulk; that is, mixed morphologies were seen for supramolecules annealed at 110°C, and lamellae-within-lamellae morphology was observed after thermal annealing at 155°C
. In thin films, similar GISAXS patterns were observed for PS-b-P4VP(4T) r at r ϭ 1.5 and r ϭ 2 after solvent annealing and thermal treatment, respectively.
The ideal morphology for OPV and OLED requires an alignment of BCP microdomains in thin films normal to the film surface. Upon attaching 4T to the P4VP side chain, the BCP microdomain orientation depends on the interactions between each component with the underlying substrate. As shown in Figure 2b , favorable interactions between P4VP www.acsnano.org with the Si substrate orient the P4VP(4T) 1 lamellae parallel to the surface. For PS-b-P4VP(4T) 1 supramolecules, the parallel orientation of P4VP(4T) 1 lamellae may overcome the nonfavorable interactions between the PS block with the underlying substrate and induce the BCP microdomains to orient normal to the surface, as shown in Figure 5a . Thin films of PS-b-P4VP(4T) r , ϳ50 nm in thickness, were spin-coated onto silicon wafers with ϳ1000 Å thermally grown oxide layers and solvent-annealed in chloroform vapors. A comparative plot of saturation currents in solvent-annealed PS-b-P4VP(4T) 1.5 OFETs is shown in Figure 5b . The charge mobility of PS-b-P4VP(4T) 1.5 was calculated to be 10 Ϫ4 cm 2 /(V · s), which is comparable to 4T and P4VP(4T) 1 . The OFET results suggested that the P4VP(4T) r microdomains are oriented normal to the surface as further confirmed by GISAXS studies. Figure 5c shows the GISAXS pattern of a ϳ60 nm PS-b-P4VP(4T) 1.5 thin film after solvent annealing. At ␣ in ϭ 0.20°, features in both q z and q y directions are seen. The q y scan only shows a broad diffraction peak at q y ϭ ϳ0.017 Å
, corresponding to the lateral microphase separation of PS-b-P4VP(4T) 1.5 with a periodicity of ϳ37 nm. The solvent-annealed PS-b-P4VP(4T) 1.5 film is microphase-separated with fairly poor lateral order. However, only diffraction spots, instead of rings, were seen in the GISAXS pattern, indicating that the BCP microdomains are mainly oriented normal to the substrate. Grazing incidence wide-angle X-ray scattering (GIWAXS) was used to investigate the ordering of PS-b-P4VP(4T) 1.5 at much smaller length scales, as seen in Figure 5d . At higher q y direction, diffuse scattering originating from the molecular packing of 4T can also be seen around q y of 1.2Ϫ1.4 Å
. 54 As seen, the crystallinity of 4T in thin films of PS-b-P4VP(4T) 1.5 is rather low. However, there are a series of diffraction peaks along the q z direction, originating from the P4VP(4T) r lamellae with a periodicity of ϳ6.3 nm oriented parallel to the surface similar to that shown in the inset of Figure 2b . Thermal annealing at 110°C for 1 h improved the hierarchical ordering of PS-b-P4VP(4T) 1.5 significantly and resulted in a sharpening of peaks in the q y and q z directions as shown in Figure  5e . GIWAXS also showed that the diffraction peaks associated with assemblies of P4VP(4T) 1 and 4T alone sharpened significantly. The q y scan shows that thermally annealed PS-b-P4VP(4T) 1.5 thin films formed BCP lamellae oriented normal to the film surface with a periodicity OFET studies showed that the thermal treatment reduced the charge mobility of the PS-b-P4VP(4T) 1.5 thin films. Thus, solvent-annealed PS-b-P4VP(4T) 1.5 does not form a well-ordered lamellae-within-lamellae morphology in thin films as previously found with other BCPbased supramolecules. 41, 43 We speculate that, after solvent annealing, PS-b-P4VP(4T) 1.5 may form morphologies similar to that shown in Figure 4b , where a significant fraction of 4Ts organize into lamellae bridging the BCP lamellae in different grains to provide a pathway to transport charges between P4VP(4T) r lamellae. Upon thermal annealing, 4Ts are incorporated within P4VP(4T) r microdomains, which resulted in an increase in BCP periodicity. This improves macroscopic alignment of BCP lamellae normal to the surface, however, very likely removes the electronic pathway and reduces charge mobility.
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CONCLUSIONS
We have shown that a molecular design strategy involving the noncovalent linking of organic semiconductors to a polymer chain successfully allows solution processing and ordering of semiconductor molecules into hierarchical assemblies with macroscopic alignment of the organic semiconductor in thin films. The supramolecular comb block, P4VP(4T) r , transports charge in OFET channels, making these films act as nanostructured semiconductor composites. Although effectively measuring the mobility of charge in a thin layer (ϳ5Ϫ10 nm) of the organic semiconductor next to the SiO 2 dielectric instead of the bulk property, 52,53 the topcontact, bottom-gated OFET experiments demonstrate the functionality of the supramolecular film assemblies. Additionally, the charge mobilities of 4T and P4VP(4T) r measured in OFETs are comparable to organic semiconductors that have been use in OLEDs 56 and OPVs. 25, 49 This mobility value is greater than that measured in some conjugated polymers, such as poly(p-phenylene vinylene), where nanoscopic assembly is challenging. 50, 51 The presented supramolecular approach and design principle should be applicable to other organic semiconductors and thus provide a versatile method to access films with spatial and orientational control of the semiconductor, which is otherwise difficult. Furthermore, recent studies have shown that BCP-based supramolecules can effectively organize semiconductor nanoparticles into ordered arrays, which provides a viable and effective means to incorporate electron donor or acceptors as needed. 57 This, in conjunction with the use of other small molecules with improved electronic properties, may potentially lead to the fabrication of high-performance OPVs and OLEDs.
METHODS
Materials. P4VP(46 700 Da) (PDI ϭ 1.14) and PS(40 000 Da)-b-P4VP(5600 Da) (PDI ϭ 1.09) were purchased from Polymer Source, Inc. Chloroform was purchased from Fisher and filtered through basic alumina. All other chemicals were purchased from Aldrich and used as received. Synthetic procedure to prepare 4T is described in detail in the Supporting Information.
Sample Preparation. The PS-b-P4VP or the P4VP was first dissolved in chloroform to form 1Ϫ2% (w/v) stock solutions. The desired amount of 4T was dissolved in chloroform. The polymer solution was then added to the 4T solution, followed by stirring overnight. Thin films were prepared by spin-coating the mixed solutions onto silicon wafers at spinning speeds between 1000 and 4000 rpm. 4T is light and oxygen-sensitive, and so cautions were paid to avoid light exposure during the sample preparation process. Sample thicknesses were measured using a FilmetricsTM F20 interferometer. For solvent annealing, thin films were placed together with a beaker of 40 mL of chloroform at 22°C inside an inverted dish (170 diameter ϫ 90 height mm) on which a ϳ2 kg weight was loaded for 24Ϫ48 h. For thermal annealing, samples were wrapped in aluminum foil inside an inverted dish and placed in an oven under a nitrogen atmosphere at 100Ϫ110°C for 1 h. SAXS and GISAXS. Bulk samples were prepared by casting and drying the supramolecule solutions in a Teflon beaker, inside an inverted dish, and allowing the solvent to evaporate over 48 h. Samples were then thermally annealed at ϳ100Ϫ110 or 155°C under vacuum overnight and then slowly cooled to room temperature. The SAXS data were collected on beamline 7.3.3 in the Advanced Light Source (ALS) at the Lawrence Berkeley National Laboratory. X-rays, with a wavelength of 1.240 Å (10 keV), were used, and the scattering spectra were collected on an ADSC Quantum 4u CCD detector with an active area of 188 mm ϫ 188 mm (2304 ϫ 2304 pixels) and a dynamic range of 16 bit. The scattering profiles, after a 20 s collection time, were obtained by integrating the 2-D scattering pattern. GISAXS measurements were made on beamline 7.3.3 in ALS and beamline 8-ID-E 58 in the Advanced Photon Source (APS) at the Argonne National Laboratory. X-ray wavelengths of 1.240 Å (ALS) and 1.687 Å (APS) were used. The scattering profiles were collected on a Mar 165 CCD at APS and an ADSC Quantum 4u CCD detector at ALS. GIWAXS measurements were made at beamline 8-ID-E of the APS using a Pilatus 100K pixel array detector approximately 270 mm from the sample and mounted on a linear stage that translated the detector horizontally transverse to the beam. The two-dimensional image is a composite of six exposures joined together so as to eliminate overlapping regions between the images. Line-averaged intensities are reported as I versus q, where q ϭ (4/) ϫ sin(/2), is the wavelength of incident X-rays, and is the scattering angle.
Transmission Electron Microscopy (TEM).
The same samples used for SAXS were embedded in resin and cured at 60°C overnight before being microtomed for TEM imaging. The thin sections of PS(40 000)-b-P4VP(5600)(4T) 1 were exposed to iodine vapor for 10 min that selectively stains the P4VP(4T) r block to enhance the contrast. TEM images were collected on a FEI Tecnai 12 transmission electron microscope at an accelerating voltage of 120 kV.
OFET Fabrication. The devices were fabricated on low resistivity n-type silicon wafers, using 1000 Å of thermally grown SiO 2 as the dielectric, in top-contact geometry. Sample thin films were prepared as previously described. Gold contacts were patterned on top of the films, using various shadow masks, giving channel lengths from 5 to 40 m and widths from 200 to 400 m. All devices were tested as p-type OFETs in the accumulation regime, and saturation mobilities were calculated using the equation, ϭ g m 2 /2I D C ox (W/L), where g m ϭ transconductance, I D ϭ current measured at the drain electrode, C ox ϭ capacitance of the insulator, W ϭ width of the electrodes, and L ϭ channel length. The electrical measurements were performed in a nitrogen atmosphere using an Agilent 4156C Precision semiconductor parameter analyzer. 
